Pseudomonas aeruginosa produces copious amounts of the redoxactive tricyclic compound pyocyanin that kills competing microbes and mammalian cells, especially during cystic fibrosis lung infection. Cross-phylum susceptibility to pyocyanin suggests the existence of evolutionarily conserved physiological targets. We screened a Saccharomyces cerevisiae deletion library to identify presumptive pyocyanin targets with the expectation that similar targets would be conserved in humans. Fifty S. cerevisiae targets were provisionally identified, of which 60% have orthologous human counterparts. These targets encompassed major cellular pathways involved in the cell cycle, electron transport and respiration, epidermal cell growth, protein sorting, vesicle transport, and the vacuolar ATPase. Using cultured human lung epithelial cells, we showed that pyocyanin-mediated reactive oxygen intermediates inactivate human vacuolar ATPase, supporting the validity of the yeast screen. We discuss how the inactivation of VATPase may negatively impact the lung function of cystic fibrosis patients.
T he most common pathogen during infection of the cystic fibrosis (CF) airways is Pseudomonas aeruginosa, which is also important in burn related sepsis, various nosocomial infections, and HIV-related illness (1, 2) . The extensive host range and complex pathophysiology of infections associated with P. aeruginosa is due to its ability to produce a large repertoire of virulence determinants (1, 2) . In addition to delivering proteins into eukaryotic cells by a type III secretion system to disrupt the host immune response and cause cytoskeletal reorganization (3), P. aeruginosa also produces a large number of toxic exoproducts, including proteases, rhamnolipids, and pyocyanin (PCN) (1, 2) .
PCN, a blue redox-active secondary metabolite, is a member of a large family of tricyclic compounds known as phenazines (4) . Mutational and biochemical analyses have identified two groups of gene products required for PCN biosynthesis. First, the MvfR transcription factor is required to activate the phnAB genes (5-7). The phnA-B gene products synthesize quinolone that regulate the phzRABCDEFG operons 1 and 2, the structural genes for phenazine synthesis (8) .
Previous investigations have suggested that PCN contributes to the ability of P. aeruginosa to persist in the lungs of CF patients (9) . In addition, in vitro studies have shown that PCN interferes with a myriad of mammalian cell functions. These include cell respiration, ciliary beating, epidermal cell growth (9, 10), calcium homeostasis (11) , prostacyclin release from lung endothelial cells (12) , apoptosis in neutrophils (13) , release of interleukin-2 (limits growth of T lymphocytes), secretion of Ig by B-lymphocytes (14) , and imbalance of protease-antiprotease activity in the airways of CF patients (15) . However, the precise molecular mechanism underlying PCN-mediated pathology is unknown.
PCN also inhibits microbial growth by initiating a redox cascade that can occur nonenzymatically via NADH or NADPH (16) . Several studies have suggested that PCN inhibits fungal growth in vivo in patients with (17) or without CF (18, 19) . The antimicrobial properties of PCN enable P. aeruginosa to dominate other microbes in the CF airways. These properties, combined with the observation that levels of PCN capable of altering eukaryotic cell function are present in CF sputum (9) , implicate PCN in epithelial cell dysfunction, altered pulmonary immunity, and proteolytic injury that allows P. aeruginosa to persist in CF lung.
Although the toxicity of PCN is wide spread (9) (10) (11) (12) (13) (14) (15) , the molecular basis underlying its pathology is less clear. Based on our hypothesis that eukaryotic genes that confer susceptibility or resistance to PCN are evolutionarily conserved, even in distantly related organisms such as fungi and mammals, we exploited the ability of PCN to inhibit the growth of members of a mutant library of Saccharomyces cerevisiae as a strategy for discovering mammalian cellular pathways affected by this compound.
Materials and Methods P. aeruginosa Strains, Growth Conditions, and PCN Purification. The P. aeruginosa strain PA14 (20) was grown in LB broth at 37°C. PCN was purified from late stationary phase culture with successive rounds of CHCl 3 ͞0.2 M HCl extraction as described (21) . The final PCN preparations had no detectable levels of Pseudomonas lipopolysaccharide (LPS) as determined by the E-TOXATE assay (Sigma) or of autoinducer as measured by HPLC (8) .
Yeast and A549 Cell Cultures. The S. cerevisiae Mat-A haploid deletion library (Invitrogen) was generated from strain BY4741 (MAT␣ his3⌬1 leu2⌬0 met15⌬0 ura3⌬0) (22) by the Saccharomyces Genome Deletion Project (www-deletion.stanford.edu). Yeast strains were grown in yeast extract͞peptone͞dextrose (YPD) medium at 30°C. The human lung carcinoma alveolar type II cell line A549 (23) was purchased from American Type Culture Collection. A549 cells were cultured to Ϸ80% confluency in DMEM supplemented with 10% FCS, 2 mM glutamine, and 500 units͞ml penicillin and streptomycin.
Screening for Yeast Deletion Mutants with Altered Sensitivity to PCN.
To screen for yeast mutants with altered sensitivity to PCN, yeast cells cultured in microtiter plates (OD 630 Ϸ 0.3) were treated with PCN (75 g͞ml) and incubated for 18 h at 30°C while shaking at 150 rpm. The sensitivity of yeast strains to PCN was determined by the net growth between 0 and 18 h as measured by OD 630 . To ensure accuracy, the screening of each mutant library pool was performed in duplicate, with the OD 630 measurement performed twice on each plate at indicated time points. The average readings were used to calculate growth rate.
Bioinformatics Analysis. A database containing the identity of the each deleted ORF in each yeast mutant is available from the Saccharomyces Genome Deletion Project. We used available nucleotide and protein databases (www.ncbi.nlm.nih.gov) to identify human orthologs of the yeast genes conferring altered sensitivity to PCN.
Catalase and Superoxide Dismutase (SOD) Assays. Actively growing log phase yeast cells (Ϸ10 6 in 0.1 ml) were exposed to 50 or 100 g of PCN for 30, 60, and 90 min. Cultured lung epithelial A549 cells were exposed to 20 or 30 g of PCN for 30, 60, and 90 min. Yeast and A549 cells exposed to sterile water were used as controls. Protein was extracted from yeast cells disrupted with 0.3-to 0.4-mm glass beads, or from A549 cells by M-PER Mammalian Protein Extraction kit (Pierce). Total protein concentration was determined by using BCA Protein Assay kit (Pierce). Catalase and superoxide dismutase activity assays were performed as described (24, 25) .
Measurement of Intracellular Reactive Oxygen Intermediates (ROI).
The yeast BY4741 and the A549 cells grown on 96-well microtiter plates were incubated at 37°C for 1 h with DMEM͞FCS containing 2 M bafilomycin A1 (BA1) or 25, 50, and 100 g͞ml PCN. Intracellular oxidant stress was monitored by measuring changes in fluorescence resulting from oxidation of an intracellular probe at indicated time points. P]adenosine 5Ј-triphosphate). Reactions were stopped by adding 1 ml of 10% activated charcoal in 0.1 M KH 2 PO 4 , pH 2.0. After a 5-min centrifugation at 1,000 ϫ g, 0.5 ml of supernatant was removed to determine the extent of ATP hydrolysis by scintillation counting.
Results and Discussion

PCN Kills Yeast and Injures Mammalian Cells by Causing Oxidative
Stress. PCN has been implicated in the prevention of pulmonary mycoses in CF lungs (19) . However, the mechanisms underlying the fungicidal activity of PCN are not well understood. To examine the mechanism(s) of fungal killing, we determined whether subinhibitory levels of PCN (18) could cause production of ROI by indirectly measuring the increase in intracellular fluorescence levels when DCFH-DA and dihydroethidine were oxidized to DCF and ethidium by H 2 O 2 and O 2 Ϫ , respectively. As shown in Fig. 1 A and B, the levels of fluorescence increased rapidly and remained much higher than untreated cells throughout the experiments, suggesting that PCN caused the production of ROI. We next determined whether the increase in ROI was accompanied by increased activities of the protective antioxidant enzymes catalase and SOD. As shown in Fig PCN at concentrations as high as 27 g͞ml have been detected in sputum from CF patients (9), suggesting a role for PCN in CF pathogenesis and other airway infections. To correlate the results obtained with yeast to a mammalian counterpart, we examined whether PCN treatment evoked an increase in ROI in human lung epithelial A549 cells. As shown in Fig. 2 A and B, the intracellular levels of H 2 O 2 and O 2 Ϫ increased dramatically relative to untreated cells. We also assayed catalase and SOD activity in A549 cells after exposure to 20 and 30 g͞ml PCN. Consistent with the results in yeast, PCN-treated A549 cells showed elevated levels of both catalase and SOD activity ( Fig.  2 C and D) . However, as with the yeast system, prolonged exposure to PCN reduced the activities of both catalase and SOD activity at 90 min. Taken together, these data suggest that PCN injures mammalian and yeast cells by a similar mechanism that involves oxidative damage.
Yeast As a Surrogate For Screening Mammalian PCN Target Orthologs.
Because species as distantly related as fungi and mammals are susceptible to PCN, we reasoned that the eukaryotic genes that confer sensitivity to PCN might be evolutionarily conserved. The haploid MAT-A yeast deletion library (Ϸ5,000 strains) was screened for mutants that were either sensitive or resistant to PCN. Output from pool 11 represents a typical readout (Fig. 6 , which is published as supporting information on the PNAS web A yeast deletion mutant with a negative net growth or a positive net growth that was well below the average value, OD 630 Յ 0.05, was considered to have increased sensitivity to PCN, whereas a yeast deletion mutant with a positive net growth of OD 630 Ն 0.35 was considered to have increased resistance to PCN. For example, strain 11E2 was more susceptible and strain 11A9 was more resistant to PCN. In addition, strain 11D2 has a growth defect, as it did not grow in either the presence or absence of PCN. Importantly, these data demonstrate that the PCN sensitivity assays give consistent cell turbidity readouts between duplicate microtiter plates. Of the 5,000 yeast deletion strains screened, 50 mutants (Ϸ1%) with altered sensitivity to PCN were recovered. Of these, 37 exhibited increased susceptibility to PCN, whereas the remaining 13 were more resistant to PCN. A detailed description of each mutant can be found in Tables 1 and 2 , which are published as supporting information on the PNAS web site. In total, 60% of the genes have mammalian orthologs. We predict that the number of mammalian orthologs will increase as annotation of the human genome sequence improves. The majority of these targets have not been studied with respect to PCN toxicity. Most of these genes correspond to four cellular pathways: (i) vacuolar ATPase (V-ATPase), vesicle transport, and protein targeting; (ii) cell cycle; (iii) electron transport͞oxidative stress͞ apoptosis; and (iv) epidermal cell growth. The possible mechanisms by which PCN generated reactive oxygen intermediates may inhibit these pathways are briefly discussed below. Table 1) . The Vma6p is a nonintegral membrane component of the membrane pore domain and is required for V-ATPase complex assembly (28) . Vma7p plays a critical role in stabilizing the V 0 complex and bridging the V 1 and V 0 complexes to form a functional VATPase complex (29) . Vma8p plays an important role in coupling of proton transport and ATP hydrolysis (30) . Vma21p is a dilysine motif-containing integral membrane protein that is not a subunit of the purified V-ATPase complex. Instead, it resides in the endoplasmic reticulum (ER) and is required for assembly of the integral membrane segment of the V-ATPase (31) .
Four yeast deletions in the vesicle transport machinery were found to be sensitive to PCN. These genes are SEC16, SEC22, SEC28, and YPT6. Sec16p binds to major-minor mix liposomes and facilitates the recruitment of coatomer (COP) complex II (COPII) proteins and vesicle budding in a reaction that is stimulated by Sar1p and guanylimide diphosphate (32) . Sec22p, a v-SNARE (soluble N-ethylmaleimide-sensitive fusion protein attachment protein receptor) is required for transport between the ER and early Golgi apparatus (33) . Sec28 epsilon-COP plays a critical role in maintaining the structural integrity of ␣-COP and the COPI-coatomer complex (34) . YPT6 is a GTPase that participates in early Golgi transport and ribosome biosynthesis (35) .
Mutations in five different components of protein sorting machinery were found to enhance susceptibility to PCN. These components are VPS4, VPS20, VPS28, VPS36, and DOA4. Vps4p is an AAA-type ATPase (36) , which catalyzes the release of ''class E Vps proteins,'' among which, Vps28p, Vps36p and Vps20p, form the ESCRT-I (endosomal sorting complex required for transport), ESCRT-II, and ESCRT-III complexes, respectively. These ESCRT complexes are required to deliver transmembrane proteins, such as activated cell surface receptors to the lumen of the vacuole͞lysosome, either for degradation͞ down regulation, or for proper localization (37) . Finally, Doa4 is a deubiquitinating enzyme that localizes to endosomal membranes by associating with ESCRT-III, where it plays an important role in the efficient deubiquitination of cargo and the recycling of ubiquitin molecules (38) .
In mammalian cells, the V-ATPase has been shown to be extremely sensitive to micromolar concentrations of H 2 O 2 (39) . Mechanistically, this is based on a H 2 O 2 -mediated oxidation of a reactive cysteine sulfhydryl group in the ATP-binding site of the V 1 A 1 subunit (39). Precisely how ROI inactivate vesicle transport and vacuolar protein sorting machineries are not well understood. However, it was shown that H 2 O 2 causes tyrosine phosphorylation of clathrin heavy chain and affects intracellular vesicular trafficking via the alteration of clathrin-dependent vesicular trafficking (40) . Thus, it is conceivable that COPI-and COPII-mediated vesicle transport pathways, as well as vacuolar protein sorting pathways, are affected by PCN mediated oxidative stress. Electron transport͞oxidative stress͞apoptosis. The catalase and SOD assays showed that activity of these antioxidative enzymes was predictably increased in response to PCN exposure ( Fig. 1 C and  D) . Thus, we predicted that some of the mutants would exhibit defects in electron transport and oxidative stress. In addition, ROI generated by PCN could induce both apoptosis and necrosis through the activation of caspase 3-like proteases. Indeed, nine yeast mutants had deletions in genes that may directly affect the mitochondrial respiration͞electron transport chain or participate in the oxidative stress response. The YSA1, BNA2, and COQ1 gene products are required for nicotinic acid and ubiquinone biosynthesis. Nicotinic acid and ubiquinone are both electron carriers involved in mitochondrial respiration, which are targeted by PCN (21) . SOD1 is a cytoplasmic Cu,Zn-SOD involved in detoxifying O 2 Ϫ . YDL119C encodes a mitochondrial uncoupling protein with three mitochondrial carrier motifs that diverts energy from ATP synthesis by catalyzing a regulated leak of protons across the inner membrane (41) . Bsd2p is a metal homeostasis regulator that prevents hyperaccumulation of metals by negatively regulating both the SMF1 and SMF2 metal transport systems and minimizing oxidative stress (42 (Table 2) . Mitochondrial electron transport chain͞oxidative stress. We have identified yeast mutants that correspond to genes that are involved in the synthesis of mitochondrial-specific ribosomal proteins (RSM18, RSM27, YNL177C, MRPL17) and a nuclear-encoded mitochondrial protein (PET130). Mutations in these genes cause respiratory defects (52). Interestingly, it was reported that exposure of Caenorhabditis elegans to oxidative stress strongly induced transcription of 18S, 5.8S, and 26S rRNAs (53), suggesting an attempt by the cells to replace damaged ribosomal proteins or to compensate for a reduction in or the loss of the electron transport chain. Two additional mutations are in genes required for mitochondrial coenzyme-Q (CAT5) and cytochrome b (CBP6) biosynthesis. Coenzyme-Q is an essential electron transport component and a lipid soluble antioxidant (54) . Cytochrome b is a component of the cytochrome bc (1) electron transport complex (55) . Mutation of either gene causes a modest to pronounced defect in respiration. Finally, trehalose-6-phosphate synthase (TPS1) participates in resistance to variety of stresses, including oxidative stress (56) . Epidermal cell growth. YGR101W encodes a rhomboid-like serine protease that cleaves TGF-␣ to activate the EGF receptor. This is relevant because PCN was previously shown to inhibit epithermal cell growth (10), possibly by inactivating a rhomboid-like serine protease.
Unknown genes. We have also identified 13 additional mutants with altered sensitivity to PCN (Tables 1 and 2 ). The function(s) of these gene products is unknown. Unraveling the identity of these genes may add to our understanding of the precise molecular basis behind PCN-mediated injury.
Confirmation of Selected Yeast Targets in Lung Epithelial Cells: PCN
Inactivates Human V-ATPase. Multiple V-ATPase mutants that showed increased susceptibility to PCN were recovered from our yeast screen (Table 1) . To examine whether the enhanced sensitivity to PCN was caused by impaired yeast proliferation or enhanced yeast death, yeast V-ATPase mutants were exposed to 50 g͞ml PCN for 21 h, and growth was monitored. Untreated cells were used as controls. By 21 h, all V-ATPase yeast mutants grew to the same cell density as wild-type BY4741 in the absence of PCN (Fig. 3A) . In contrast, V-ATPase mutants showed varying degrees of increased sensitivity to PCN. Strains vma6 and vma21 lost viability throughout the incubation with PCN. Strain vma8 was unable to proliferate in the presence of PCN. Interestingly, strain vma7 was able to proliferate as well as the parental isolate BY4741. However, viability decreased upon prolonged incubation in the presence of PCN, particularly in late stationary phase. By 21 h, the viable cell counts of the parental strain BY4741 increased by 1 log. In contrast, the vma7 mutant only grew 0.4 log, whereas the viability of vma6, vma8 and vma21 mutants decreased by 1.4, 0.5 and 2.5 logs, respectively. These results suggest that yeast V-ATPase plays a crucial role in combating PCN-mediated oxidative stress, perhaps by regulating proper localization of antioxidative enzymes. To determine whether PCN generated ROI inactivate VATPase in lung epithelial cells, we determined the activity of V-ATPase by performing AO staining. When protonated in acidic vacuolar compartments, AO is retained and imparts an orange color to vacuoles. As shown in Fig. 4 , a 1-h exposure to 2 M BA1, a V-ATPase-specific inhibitor, inhibited AO staining, indicating that V-ATPase was inactivated and that the pH of acidic compartments within A549 cells was destabilized. In contrast, control cells treated with DMSO or with 0.5 M BA1 stained orange, indicating a functional V-ATPase. When A549 cells were treated with 25 g͞ml PCN, the level of vacuole staining was reduced dramatically, staining some of the cells yellow rather than the characteristic bright orange color of normal cells (Fig. 4) . These results suggest that physiological To test whether loss of AO staining was directly caused by the loss of V-ATPase activities, we assayed for V-ATPase activity in microsomes isolated from A549 cells treated with PCN. Because PCN triggers the production of ROI, we examined whether an externally supplied oxidizing agent would be able to inhibit V-ATPase. A 1-h treatment with 15 M H 2 O 2 inhibited 74% of the V-ATPase activity (Fig. 5) . As expected, BA1, the VATPase-specific inhibitor, inhibited V-ATPase activity in a dose-dependent manner (Fig. 5) . Accordingly, exposing A549 cells to increasing levels of PCN caused a corresponding decrease in V-ATPase activity, indicating the production of higher levels of intracellular H 2 O 2 generated (Fig. 2) . Specifically, V-ATPase activity in the microsomes isolated from A549 cells exposed to 12.5, 25, 50, and 100 g͞ml PCN decreased by 32%, 52%, 71%, and 83%, respectively. Thus, PCN inhibits V-ATPase by generating ROI, particularly H 2 O 2 , in a dose-dependent manner, and it is as effective in inhibiting V-ATPase as BA1. The saturation level for V-ATPase inactivation appears to be 50-100 g͞ml PCN, which inhibits V-ATPase to the levels evoked by 2 M BA1 and 15 M H 2 O 2 . H 2 O 2 , BA1, and PCN did not completely abolish ATP hydrolysis, presumably because microsome preparations contained another ATPase not inactivated by these compounds. Taken together, these results showed that PCN inactivates V-ATPase within lung epithelial cells in a dose-dependent manner by generating ROI, particularly H 2 O 2 .
Conclusions
Yeasts have a rapid growth rate, a short life, cycle and are amenable to genetic studies. These factors represent a distinct advantage over mammalian systems, especially when it comes to dissecting the internetworking of various PCN targets. Here, by exploiting the genetic simplicity of S. cerevisiae as a surrogate host, we have provided insights into the mammalian cellular pathways that are disrupted by PCN that may ultimately lead to novel therapeutic interventions for preventing and treating infection by P. aeruginosa. Based on our screening data, recovering multiple yeast V-ATPase mutants with increased susceptibility to PCN, we showed that PCN inactivates human VATPase in lung epithelial cells. Thus, we have provided support for our hypothesis that a yeast screen can be used to identify mammalian orthologs conferring sensitivity to PCN.
To date, there has not been any report of V-ATPase inactivation by PCN-mediated oxidative stress. V-ATPase is the major source of ATP generation and consumption, but also regulates receptor-mediated endocytosis, intracellular targeting of lysosomal enzymes, protein processing and degradation, vesicular transport, viral entry, and coupled transport of small molecules such as neurotransmitters (57) . Within the plasma membrane, V-ATPases function in such processes as bone resorption, renal acidification, pH homeostasis, and K ϩ secretion (57) . The vacuole is also the major storage site of intracellular Ca 2ϩ in yeast and functions to maintain cytosolic Ca 2ϩ levels within a narrow physiological range via a Ca 2ϩ pump and a H ϩ ͞Ca 2ϩ antiporter driven by the V-ATPase (58). Furthermore, VATPase is also critical for the bactericidal activity of alveolar macrophages (59) . Because V-ATPase regulates multiple cellular processes, its inactivation by PCN may be of huge medical significance. However, no study to date has examined whether PCN inactivates V-ATPase of mammalian cells. Inactivation of V-ATPase by PCN may have wider implication in CF pathogenesis. Particularly, its role in regulating Ca 2ϩ homeostasis may be critical to regulate ciliary motility (60) , a process that is disrupted by PCN (9, 10). V-ATPase is also critical for the proliferation of various cultured cell lines, because nanomolar concentrations of the V-ATPase inhibitor BA1 inhibits cell proliferation (61) . Thus, inactivation of V-ATPase by PCN-generated H 2 O 2 (or ''downstream'' HO ⅐ ), may account for many of the previously reported PCN-mediated mammalian injuries such as cilia dyskinesis (9, 10), disruption of Ca 2ϩ homeostasis (9, 10) , and inhibition of lymphocyte proliferations (14) . V-ATPase also regulates vesicle transport and protein sorting via pH gradients among various cellular compartments such as the ER and Golgi (62) . When coupled with the fact that PCN also inactivates vesicle transport and protein sorting machineries (Table 1) , it is tantalizing to postulate that PCN may inhibit or exacerbate the reduced cystic fibrosis transmembrane conductance regulator (CTFR) localization in CF lungs chronically infected with PCN-producing P. aeruginosa.
Our findings are not limited in scope to only PCN mediated inhibition of the V-ATPase. Because oxidation and phosphorylation are coupled in mitochondria, inhibition of its ATPase by PCN would result in an increased reduced pyridine pool within this organelle (e.g., NADH, NADPH). These molecules can readily reduce PCN nonenzymatically to either mono-or dication radicals, which readily react with molecular oxygen to generate O 2 Ϫ and͞or Recall that two yeast mutants that were found to be resistant to PCN had mutations in loci affecting ubiquinone (CAT5) and cytochrome b biosynthesis (CBP6) ( Table 2 ). The standard reduction potential for these molecules are 0.04 and 0.07 V, respectively, and that of PCN is Ϫ0.034 V (63) . Because of the high capacity for PCN autoxidation, it is reasonable to assume that both ubiquinone and cytochrome b can reduce PCN, thereby increasing the level of oxidative stress in cells. An absence or reduced amount of these molecules would almost certainly, in turn, reduce the amount of concomitant oxidative stress.
